A fast, simple, and accurate method, using only standard laboratory equipment, was developed for the quantification of glucose, fructose, sucrose, and inulin/oligofructose in different food matrixes. Samples were extracted using boiling water and hydrolyzed with sucrase and fructanase. Sugars were determined in the initial extract and in both hydrolysates using an enzymatic, spectrophotometric kit for glucose and fructose determination with hexokinase, glucose-6-phosphate dehydrogenase, and phosphoglucose isomerase. Calculations of sucrose and inulin/oligofructose were based only on fructose measurement. Glucose results of the hydrolysates were not used for inulin/oligofructose calculations because of possible interference. Released glucose by the hydrolysis of maltose or by possible partial hydrolysis of other compounds like maltodextrines, starch, lactose, or maltitol could interfere in the measurement of the sucrase and the fructanase hydrolysates. To validate the method, a wide range of different food matrixes and different amounts of inulin/oligofructose (1-54%) were analyzed. Mean recovery ± relative standard deviation (RSD) for inulin or oligofructose was 96.0 ± 5.3%. The RSD r for inulin/oligofructose measured on 35 food samples, analyzed in duplicate, was 5.9%. Accuracy and precision of the method were less for samples with large concentrations of sucrose, maltose, maltodextrines, or starch (ratio to inulin/oligofructose >4 to 1). Precision and accuracy were comparable with those of the ion exchange chromatographic method AOAC 997.08 and the enzymatic, spectrophotometric method AOAC 999.03. In contrast to 999.03, this method allows the accurate quantification of both GF n and F n forms.
I
nulin is a polydispersed mixture of molecules that consist of linear b(2-1) linked fructose moieties. A glucose moiety may be linked to the end of the chain by an a(1-2) bond as in sucrose. Inulin is a typical plant fructan. The degree of polymerization (DP) can vary between 2 and 100, depending on the plant species. Oligofructose, produced from inulin, has a DP between 2 and 10, and in addition to GF m forms also contains significant amounts of F n forms together with smaller amounts of glucose, fructose, and sucrose.
Several methods for the determination of inulin/oligofructose are available. High-performance anion exchange chromatography with pulsed amperometric detection (HPAEC-PAD) is used to quantify the oligofructose fraction up to DP 8 (1) (2) (3) . A high temperature gas chromatographic (GC) method (4) is used to determine oligofructose up to DP 10. Other scientists have described a liquid chromatographic (LC) method to analyze inulin in food supplements and in plasma and urine (5, 6) . With these methods, inulin/oligofructose are only partially quantified, and certain compounds like other oligo-and polysaccharides can interfere with the inulin peaks.
The analysis by hydrolysis of inulin/oligofructose and measurement of mono-and disaccharides before and monosaccharides after hydrolysis using GC, LC, HPAEC-PAD (7), and thin-layer chromatography (8) are most common. Using an enzymatic method (9) , however, can offer another possibility. The Official AOAC Method 997.08 (7) is a reliable enzymatic, chromatographic method for quantitative inulin/oligofructose determination, but it is very labor-intensive and requires the use of expensive chromatographic equipment.
Megazyme (Bray County, Ireland) has commercialized a kit for the enzymatic, spectrophotometric method for quantitative inulin/oligofructose determination, as described in AOAC Method 999.03 (10) . The method is fast and easy and requires only a spectrophotometer and certain other standard laboratory equipment. The method can be used for a correct quantitative determination of inulin in foods.
However, the Megazyme method has an important drawback. The sample preparation implies the conversion of starch and sucrose to monosaccharides and their reduction to alditols with borohydride so that they are no longer colorimetric measurable. Inulin is then hydrolyzed to fructose and glucose, and quantified. But samples with oligofructose or partially hydrolyzed inulin contain F n -type oligosaccharides with a reducing end-standing fructose. These reducing groups will also be reduced to alditols by the borohydride and, as a result, will not be measured as inulin/oligofructose. That causes a significant underestimation of the result. The underestimation of the Raftilose Ò (Orafti, Tienen, Belgium) concentration using that method is about 20% (unpublished data and personal communications with AOAC).
Considering that 50% of the commercialized products of Orafti (Tienen, Belgium world leader inulin/oligofructose producer) is oligofructose and that, in a lot of applications, mixtures of inulin and oligofructose are used, the Megazyme method cannot generally be applied, but can be used only for samples containing inulin.
The enzymatic, spectrophotometric method presented here was developed because of the explicit worldwide demand for a simple and accurate method for determination of inulin/oligofructose, using only standard laboratory equipment. This method is based on the one developed by Andersen and Srrensen (11) , but also measures free glucose, free fructose, and sucrose simultaneously. The principle is an enzymatic hydrolysis of inulin/oligofructose by fructanase into glucose and fructose, followed by an enzymatic, spectrophotometric determination according to the Boehringer method (12) or another equivalent method. This method is suitable for an accurate determination of both inulin and oligofructose from any origin in any type of food matrix.
Experimental

Principle
Inulin/oligofructose are dissolved and extracted with boiling water. A part of the solution is hydrolyzed with the enzyme sucrase. The sucrase used is a very specific enzyme that has negligible activity on 1-kestose and other fructo-oligosaccharides (13) . Another aliquot of the extract is hydrolyzed with fructanase. Both hydrolysates and the initial sample extract are analyzed by using an enzymatic, spectrophotometric kit for glucose and fructose determination with hexokinase, glucose-6-phosphate dehydrogenase, and phosphoglucose isomerase (12) .
The hydrolysis reactions with sucrase and fructanase are executed in the same disposable cuvettes as used for the enzymatic, spectrophotometric measurement with the kit. Free fructose (F f ) and free glucose (G f ) are determined in the initial sample extract. Fructose from sucrose (F s ) is determined in the sucrase hydrolysate. Sucrose content (S) is calculated by multiplying the difference between fructose in the sucrase hydrolysate and in the initial sample extract by 1.9. Glucose is not used in the calculation of the sucrose content to avoid possible interference from glucose released by hydrolysis of maltose or other glucose-containing compounds.
The total amount of fructose (F t ) is determined in the fructanase hydrolysate. The concentration of fructose released from inulin/oligofructose is calculated by the difference from these determinations. Fructose released from inulin/oligofructose is calculated as
Inulin/oligofructose calculations are based only on fructose measurement. Glucose measurement in subsamples after hydrolysis with fructanase is not considered for the above-mentioned reason. Correction is made for the glucose part of the inulin/oligofructose and for the water loss during hydrolysis. The inulin/oligofructose content is calculated as i = k F i
The detection limit of the method for quantitative determination of inulin/oligofructose in any food matrix is 1%.
High concentrations of sucrose, maltose, maltodextrines, or starch can disturb the analysis. If the ratio of the reducing sugar content after sucrase hydrolysis to the reducing sugar part from inulin/oligofructose hydrolysis is > 4 to 1, the results will be less precise, because an important amount of glucose and fructose, found in the sample after sucrase hydrolysis, must be subtracted from the glucose and fructose after fructanase hydrolysis with only a small amount of glucose and fructose released from inulin/oligofructose. (n) Spectrophotometer.-Wavelength 340 nm, read against water.
Apparatus and Materials
(o) Parafilm.
Reagents
Except when stated differently, chemicals of analytical grade should be used.
For sample preparation and extraction and for reagent preparation, use water quality Type 1, reagent grade American Society for Testing and Materials (ASTM) or American Chemical Society (ACS) standards for purity throughout.
(a) Phosphate buffer pH 6.8.-Mix 50 mL 0.1M KH 2 PO 4 and 22.4 mL 0.1M NaOH with water and dilute to 100 mL.
(b) Acetate buffer pH 4.5.-Mix 28 mL 0.2M acetic acid and 22 mL 0.2M Na-acetate with water and dilute to 100 mL.
( HP, Raftiline ST, and Raftilose from Orafti. For inulin/oligofructose standard solution, weigh accurately to ±0.1 mg ca 0.5 g inulin/oligofructose in 100 mL beaker. Add ca 40 mL boiling water and check pH immediately under mild agitation; if necessary, adjust pH with 0.05N KOH or 0.05N HCl between 6.5-8.0. Rinse electrode with boiling water and transfer solution quantitatively to 100 mL volumetric flask; rinse beaker with boiling water and keep flask at 85° ± 2°C for 15 min. Let cool at room temperature, dilute to the mark, weigh, and homogenize. Dilute this standard to obtain working standard solution of ca 10 mg inulin/oligofructose/100 g.
Determination
(a) Sample preparation.-Homogenize samples immediately before analysis. Make sure that particle size of samples is <5 mm. For cereal products and processed food samples, mix with interruptions in a blender for 2-10 min. Freeze sticky or fatty products like chocolate and bars before mixing in blender. Cut gummy, sticky, and paste-like products that cannot be mixed in a blender into small pieces with a knife or scissors and shatter hard products like hard candies in a mortar.
(b) Extractions (see Figure 1 for flow diagram).-Weigh accurately to ±0.1 mg an amount of sample, preferably corresponding to ca 0.5 g inulin/oligofructose, but not exceeding 10 g sample (generally about 5 g for unknown samples), in 100 mL beaker containing a mixing rod. Add ca 40 mL boiling water. Check pH immediately under mild agitation and, if necessary, adjust pH with 0.05N KOH or 0.05N HCl to 6.5-8.0. Rinse electrode with boiling water.
Transfer the solution quantitatively to 100 mL volumetric flask, rinse beaker with boiling water, and keep flask at 85° ± 2°C for 15 min. Let cool to room temperature, dilute to the mark, weigh, and homogenize.
Dilute the sample solutions to obtain final concentration of sucrose and inulin/oligofructose of ±10 mg/100 g, comparable with the concentration of sucrose and inulin/oligofructose in the working standard solutions, (h) and (i). A different dilution may be necessary for both determinations.
Filter the finally diluted sample solution through 0.2 mm membrane filter before further use. Keep 1 aliquot of ca 5 g of this dilution aside for direct analysis with Boehringer kit (assay A 0 ) to determine free fructose and free glucose.
(c) Enzymatic hydrolyses.-Each set of samples consists of one sucrose standard, one inulin/oligofructose standard, preferably the same inulin/oligofructose type as used in the samples, and the unknown samples in duplicate. The enzymatic hydrolyses with sucrase and fructanase takes place in the disposable plastic cuvettes, used for the enzymatic, spectrophotometric measurement.
Sucrose hydrolysis with sucrase.-Pipet into the cuvettes 0.5 mL working sucrose standard, inulin/oligofructose standard, and sample solutions; add 1.4 mL phosphate buffer, pH 6.8, and 0.1 mL sucrase solution of 100 units/mL. Cover cuvettes with plastic seal and parafilm and homogenize with mild agitation so that no fluid comes in contact with the seal. Incubate for 30 min in a water bath at 40° ± 2°C under constant mild agitation. Let cool to room temperature (assay A 1 ). Homogenize well before measurement.
Inulin/oligofructose hydrolysis with fructanase.-Pipet into other cuvettes 0.5 mL working inulin/oligofructose standard and sample solutions; add 1.4 mL acetate buffer, pH 4.5, and 0.1 mL fructanase solution of 2000 units/mL. Cover cuvette with plastic seal and parafilm and homogenize under mild agitation, so that none of the fluid comes in contact with the seal. Incubate for 1 h in a water bath at 60° ± 2°C with constant mild agitation. Let cool to room temperature (assay A 2 ).
(d) Enzymatic, spectrophotometric measurement.-For the enzymatic, spectrophotometric measurement of glucose and fructose, use the Boehringer test kit 139106 (12) or equivalent. Follow instructions for use of the test kit and follow the procedure described in Table 1 .
If the absorbance differences in assay A 0 , between E 1 and E 2 and/or E 2 and E 3 are <0.100, up to 2 mL sample solution and less water can be used. To achieve higher absorbance values in assay A 1 and A 2 , larger amounts of sample solution (maximum 1 mL) can be used for hydrolysis with sucrase and fructanase. Make sure that the total amount in the cuvette during hydrolysis is 2 mL and that minimum 1 mL buffer is added. The absorbance reading should never be >1.800. If necessary, dilute samples and repeat hydrolysis.
Calculations
The glucose concentrations in assay A 0 and fructose concentrations in assays A 0, A 1 , and A 2 are calculated according to the Boehringer test kit procedure. To avoid possible interference of glucose liberated from other glucose sources caused by possible side-activity of the used enzymes, inulin/oligofructose and sucrose calculations are based on the fructose measurements. Corrections are made for the glucose part of the inulin/oligofructose and sucrose and for water loss during the hydrolysis.
Free glucose (G f ) and free fructose (F f ) in g/100 g in the initial sample are determined in assay A 0 . The sum of free fructose (F f ) and the fructose released from sucrose (F s ) are measured in assay A 1 after hydrolysis with sucrase and calculated in g/100 g in the initial sample. Sucrose concentration in g/100 g initial sample can be calculated by multiplying the fructose amount released by hydrolysis with sucrase with 1.9 to take into account the glucose part of the sucrose and the water loss during hydrolysis.
Fructose from sucrose: F s = (F f + F s ) assay A 1 -F f assay A 0 Sucrose g/100 g initial sample = F s ´ 1.9
Assay A 2 , after hydrolysis with fructanase, gives the total amount of fructose (F t ), which is the sum of free fructose (F f ), fructose from sucrose (F s ), and the fructose released by hydrolysis of the inulin/oligofructose (F i ). Fructose from inulin/oligofructose (F i ) is the difference between the total fructose after fructanase hydrolysis (assay A 2 ) and the fructose after sucrase hydrolysis (assay A 1 ). Fructose from inulin/oligofructose Mix and measure absorbance (E3) after exactly 10 min a The sample amount of 0.500 mL differs from the instruction manual of the kit (0.100 mL), but is used for higher and more precise absorbance value. b The hydrolyzed samples in the cuvettes (assays A 1 and A 2 ) are ready to be used for the enzymatic spectrophotometric determinations. They already contain 2.000 mL sample solution. Proceed by adding 1.000 mL test kit solution 1.
the glucose part of the inulin/oligofructose (k 1 ) and the water loss during hydrolysis (k 2 ).
Inulin/oligofructose g % g initial sample = i = k ´ F i
If the type of the inulin/oligofructose used is known, k can easily be calculated: k 1 = n 1 /(n 1 -1) (correction for the glucose part) k 2 = (180 + 162 (n 2 -1))/180 n 2 (correction for the water loss) with n = average DP. For native inulin from chicory, n 1 = n 2 = 10.
For oligofructose from inulin, n 1 = 10 and n 2 = 4 can be used, because Raftilose, the most frequently occurring oligofructose, is partially hydrolyzed inulin. The ratio of fructose to glucose to be used for the glucose correction is the same as in inulin because no glucose gets lost during hydrolysis, but the average DP 4, and that value has to be used for the water loss correction (7) .
If the type of the inulin/oligofructose to be measured is not known, k = 0.995 can be used as a good average k factor, that takes into account as well the correction for glucose as the correction for water loss.
Results and Discussion
Around 160 sucrose standards, 150 inulin/oligofructose standards, and more than 160 food samples were analyzed to optimize and evaluate this enzymatic, spectrophotometric method. An extensive range of different food matrixes with different amounts of sucrose and different amounts and types of inulin/oligofructose has been used. Various types of food samples (butter, bread, marmalade, dairy products, chocolate, cake, coffee, beer, liver paste, candies, pasta, and ketchup) were analyzed for free fructose, free glucose, sucrose, and inulin/oligofructose. Where available, commercial products were used and the results were compared against those from the AOAC 997.08 reference method (7). Other samples were spiked with different, known amounts and different types of inulin/oligofructose comparable to commercial samples. 
The determination of free glucose and free fructose by using the enzymatic kit is based on generally accepted concepts and was not evaluated in this study. Moreover, standards of sucrose, inulin, and oligofructose were hydrolyzed and analyzed with this kit in each series of food samples. The good results prove the specificity of the kit for this application.
The accuracy of the sucrose determination for samples containing inulin/oligofructose largely depends on the specificity of the sucrase enzyme used. Recovery for 162 sucrose standards was 98.7 ± 2.6% [mean ± standard deviation (SD)]; for 148 inulin/oligofructose standards (on dry weight), it was 99.1 ± 3.5% (Figure 2A and B) .
For overall evaluation of the method, all food sample results for sucrose and inulin/oligofructose were compared with results of the reference AOAC Method 997.08 (7) or with known, spiked amounts ( Figure 3A and B). The bias (mean difference between found and reference results or spiked amounts) for sucrose was 0.1 ± 0.7 (mean ± SD) for food samples containing 1-45% sucrose with an average amount of 11%.
Some samples with high concentrations of sucrose were especially chosen to examine the influence of its presence on the determination of inulin. The bias for inulin/oligofructose was 0.4 ± 0.7 for food samples with an inulin/oligofructose concentration between 1 and 54% (average of 10%).
To verify the accuracy of the method, different food samples (butter, milk, cheese, yogurt, marmalade, liver paste, candies, cake, chocolate, pasta, ketchup, soya drink, coffee, and beer) were spiked with different amounts of sucrose, inulin, and oligofructose and analyzed following the described procedure (Table 2) . Mean recoveries for sucrose ranged from 95.2 ± 10.0% [mean ± relative standard deviation (RSD)] for chocolate samples to 99.3 ± 4.7% for dairy products. The sucrose content in the samples ranged from 4 to 45%. Mean recoveries for inulin/oligofructose ranged from 91.0 ± 7.1% for candies to 99.4 ± 6.7% for marmalade samples. The inulin/oligofructose content in the samples ranged from 4 to 54%.
The RSD on the recovery is strongly influenced by the inulin/oligofructose amount in the sample (Table 3) . Results for higher inulin/oligofructose concentrations are much better than for concentrations <5%; the RSD goes up from 4.4 to 11.3%. The actual reason is that, for most of the food samples with low inulin/oligofructose content, the ratio of the reducing sugar content after sucrase hydrolysis to the reducing sugar part from inulin/oligofructose hydrolysis is >4 to 1. Table 4 illustrates the higher distribution of the recoveries when an important amount of glucose and fructose, released from sucrose, is subtracted from glucose and fructose after fructanase hydrolysis with only a small amount of glucose and fructose released from inulin/oligofructose. To evaluate the repeatability of the method, 35 samples (butter, marmalade, yogurt, milk, jellies, and bread) with sucrose content from 0 to 43% with a mean content of 10.3% and inulin/oligofructose content from 2 to 16% with a mean content of 7.5% were analyzed twice. The RSD for repeatability (RSD r ) for sucrose was 4.7% and, for inulin/oligofructose, 5.9% (statistical evaluation based on AOAC's Official Methods of Analysis; 14).
All previous statistical results were found for food samples containing >1% inulin/oligofructose. No distinction was made between samples with high or low concentrations of sucrose, maltose, maltodextrines, or starch. Statistical evaluation of a selection made of samples with a ratio of sucrose to inulin/oligofructose that is >4 to 1 illustrates the influence of the sample matrix ( Table 4 ). The main recovery for inulin/oligofructose in this type of sample was 105.8% and the RSD increased from approximately 6 to 13.3%. Comparable influence can be expected for high concentrations of free glucose, free fructose, maltose, maltodextrines, and starch.
The method can be simplified when no free glucose, fructose, or sucrose needs to be determined. Sugar analysis of the extract assay A 0 and the first absorbance measurement E 1 of the sucrase and the fructanase hydrolysates assay A 1 and assay A 2 are not needed. Only absorbance measurements E 2 and E 3 of the samples assay A 1 and assay A 2 are used to calculate inulin/oligofructose content (Table 1) .
Conclusions
The enzymatic, spectrophotometric method described in this article was demonstrated to be an accurate and simple method that requires only a spectrophotometer and certain standard laboratory equipment. The quantification of free glucose, fructose, sucrose, and inulin/oligofructose is possible in foods and food products. Precision and accuracy are comparable with those of the ion exchange chromatographic method AOAC 997.08 (7) and the enzymatic, spectrophotometric method AOAC 999.03 (10) . In contrast to 999.03, the method described here allows accurate quantification of both GF m and F n forms.
